SURFACE MODIFICATION OF POLYMERS AND CARBON-BASED MATER ALS BY ON IMPLANTATION AND OXDATIVE CONVERSION
FIELD OF THE INVENTION This invention relates to surface modification of polymers, carbon-based materials and composites by ion implantation, followed by oxidative conversion of the implanted layers, to provide surface-modified materials hav ing enhanced properties.
BACKGROUND OF THE INVENTION
Polymeric solids and carbon-based composites have many unique advantages over other materials and have therefore risen in importance in recent years. For example, polymers are lightweight, can be moulded into intricate shapes, are corrosion-resistant, have versatile electronic properties and low manufacturing costs. However, due to their inherent softness and susceptibility to degradation in oxidizing and/or ultraviolet (UV) environments, their use has generally been limited to relatively mild service appli cations. They also often have low chemical resistance, low resistance to photo-oxidative degradation, and are rapidly eroded or etched in extremely oxidative environments, such as plasma or atomic oxygen (AO) fluxes. Carbon-based composite materials, for example, carbon fiber-reinforced plastic (CFRP) composites and carbon fiber-carbon composites, are lightweight, tough and rigid, making them very attractive materials for spacecraft components. However, like polymers, composites are also eroded in extremely oxidative environments.
The use of polymers and composite materials in space craft exemplifies these problems. To date, the widespread use of polymers and composites in space missions on a prolonged basis has not been possible due to their low erosion resistance in the presence of active oxygen species, such as AO, which is found in the residual atmosphere surrounding the Earth in low Earth orbit (LEO).
Atomic oxygen, which is formed in the ionosphere through dissociation of O by vacuum ultraviolet radiation (VUV) having wavelengths in the range of 100 to 200 nm, is the predominant species in the LEO environment at altitudes between 200 and 700 km. Even at higher altitudes, AO remains a significant constituent. AO density in LEO is not particularly high at altitudes of most orbiting vehicles such as satellites. For ex le, the number density of AO at about 250 km altitude is 10 atoms/cm, which corresponds to the density of residual gas in a vacuum of 10 torr.
However, due to the high orbital velocity (approximately 8 km/sec at Space Shuttle altitude) of orbiting vehicles, the flux is high, being of the order of 10" atoms/cm' sec.
Furthermore, this high orbital velocity corresponds to col lisions with highly energetic oxygen atoms having a kinetic energy of about 5.3 eV. Atomic oxygen having kinetic energy of about 1 eV or higher is commonly referred to as "fast atomic oxygen" (FAO) or "hyperthermal atomic oxy gen" (HAO).
When exposed to such energetic FAO, polymeric materials, graphite and carbon-based composites have been shown to undergo significant accelerated surface erosion and mass loss. Materials eroded by exhibit a significantly altered surface morphology on a micron scale, having a roughened, "carpet-like" texture.
Many different types of polymers and composites have been examined in LEO flight and in ground-based testing 55 65 2 facilities. Hydrocarbon polymers which presently are most commonly considered for use in the LEO environment include Kapton (a polyimide) and Mylar poly(ethylene terephthalate). The term "hydrocarbon" as used herein refers to polymers containing both carbon and hydrogen and which may also contain other elements. Also used are composite materials such as Kapton film having a thin layer of aluminum on one side, carbon fiber-carbon composites comprising carbon fibers in a resin-derived carbon matrix, and CFRP composites such as carbon fibers bonded with epoxy resins or PEEK poly(ether ether ketone).
Kapton and epoxies have LEO erosion yields of about (2.5-3)x10 cm/at, i.e., (3-4)x10 g/atom of atomic oxygen. Many other polymers and carbon-based materials, such as graphite, carbon fiber-carbon composites and CFRP composites, also have erosion rates of this order of magnitude, typically about (1-4)x10 g/atom. In CFRP or carbon fiber-carbon composites, the top 10-20 pm of mate rial usually consists of a polymeric or carbon matrix, respectively, with carbon or graphite fibers bonded in the matrix below the surface. In long-duration missions, erosion of both the matrix and the carbon fibers has been observed,
These materials having erosion rates on the order of 10' g/atom are unsuitable for long term use in the LEO envi ronment without alteration or protection.
One attempted solution to this problem has been the synthesis of new materials having higher erosion resistance. However, the use of these materials has met with only limited success. For example, the use of silicon-containing polymers, such as polysilicones or polysiloxanes having improved erosion resistance, has not been fully successful to date due to problems such as darkening and surrounding organic surface contaminations. Another specially synthe sized polymeric materials is "AOR Kapton", a polyimide polysiloxane made from silicone and polyimide. However, this material exhibits surface morphology changes when exposed to AO flux and has an erosion yield too high to withstand long duration missions in LEO, as for example in the Space Station Freedom which is expected to have a lifetime of fifteen years.
In general, because of the numerous requirements which must be met by materials for use in space, it is more attractive to employ commonly used, approved, industrially produced polymers, which have been protected by appro priate coatings or surface modification, rather than to syn thesize new materials. Preferably, the protection scheme should not alter the properties of the bulk material. Protec tion of polymers and composites is currently performed in a number of ways ranging from thick blankets of glass to sophisticated thin film coatings. Thin film protective coat ings typically comprise oxides such as silicon and aluminum oxides deposited on the surfaces of polymers or composites by chemical vapor deposition or electron or ion beam sputtering.
Although thin film oxide coatings are highly resistant to active oxygen fluxes, the disadvantage exists that polymers or composites having these coatings typically have low resistance to thermal cycling in the LEO environment and are therefore unsuitable for use on long duration space missions. Thermal cycling occurs, for example, when a spacecraft passes in or out of the Earth's shadow, or when shadows are cast on surfaces of the spacecraft by structural members. This may cause rapid temperature fluctuations on the order of 300° C. on the affected surfaces.
When polymers or composites having thin film coatings of oxides are exposed to thermal cycling in the LEO space 5,683,757 3 environment, cracking and/or spalling typically occurs in the oxide coating, primarily due to the difference between the coefficient of thermal expansion of the coating and that of the underlying bulk material, and also due to interfacial stresses at the interface between the coating and the bulk material. High interfacial stresses in coated materials are caused by the typically sharp transition between the coating and the underlying bulk material.
Cracking or spalling of the oxide coating leaves the underlying material exposed. When FAO strikes a cracked or spalled region on the exposed polymer surface, etching of the polymer underlying the oxide coating occurs. Furthermore, the cracked or spalled region tends to deepen and widen due to undercutting of the polymer under the oxide coating at the edges of the cracked or spalled regions.
In general, hard dielectric protective or tribological coatings, produced by metal or semi-metal oxide deposition, are now used on plastics for a variety of terrestrial applica tions. In any extreme conditions, the structure, uniformity and quality of the coatings, and the adhesion and stresses at the interface of the coatings and plastics are the most vulnerable points, with the latter two being the major causes of failure.
Therefore, it is highly desirable for space and many terrestrial needs to provide polymers and other carbon-based materials having a continuous oxide-based, durable, hard, resistantouter layer, and having a graded transition such that interfacial stresses are minimized, thus permitting the mate rial to withstand both atomic oxygen fluxes and thermal cycling in the LEO environment, as well as severe condi tions in terrestrial applications.
Surface modification of polymers has been used as an alternate method for providing polymers with altered surface properties. Surface modification is potentially superior to coating of materials in that it has the potential to produce modified materials in which a graded transition exists between the modified surface layer and the underlying bulk material. This would substantially reduce interfacial stresses during thermal cycling to provide better adhesion of the coating to the bulk material, thus providing better resistance to cracking and spalling caused by thermal cycling in LEO. However, surface modified materials produced to date are not suitable for long term use in the LEO environment. Ion implantation is one known method of surface modi fication which is capable of altering the surface character istics of organic polymeric materials. In ion implantation, a polymer surface is bombarded with energetic non-metal, metal and/or semi-metal ions. Ion-implanted polymers are known to have increased surface hardness, wear resistance and, to some extent, increased resistance to oxygen plasma etching and chemical attack. However, it is now known that these enhanced properties are to a large extent produced by cross-linking and carbonization of the polymer surface caused by the ion bombardment, and not by the implanted ions themselves. For example, in Beale et al., "Mechanism of Ion Implantation Passivation of PMMA", Microelectronic Engineering 3 (1985) 45-458, at 457, it was concluded that the decreased etch rate of anion implanted polymer resistin an oxygen plasma was a result of the energy deposited by the implant and could not be attributed to the implanted species themselves.
As may be expected, ion bombardment of a polymer causes bonds to be broken. Carbonization is one result of the breaking of bonds by the implanted ions, resulting in deple tion of volatile elements such as hydrogen, nitrogen and oxygen from the top layer of the polymer and a consequent increase in the concentration of carbon. The breaking of a polymer's bonds will naturally result in the formation of new bonds, some of which will be intermolecular "cross links" between two or more polymer chains. The presence and degree of cross-linking have a profound influence on both the chemical and mechanical properties of the material in which they occur.
Carbonization during implantation visibly darkens the polymer, changing its color, decreasing its degree of transparency, and increasing its electrical conductivity. used to selectively define a pattern on a material, typically a polymer. The implanted region reacts with a plasma (for example, an oxygen plasma) to form a patterned, nonvolatile layer containing indium or gallium oxide. Subsequent etch ing of unimplanted regions, typically by the same plasma, produces a negative tone pattern. The invention, as men tioned by the authors, relates to a lithography technique, the concern being the "etch rate ratio" of the implanted and unimplanted areas, which is mentioned to be at least 1.3 times. The best result for implantation in an organic poly meric substrate, presented in Example 2, shows an etch rate Another disadvantage exists that no surface modification processes are known capable of providing surface-modified polymeric or composite materials able to withstand long term exposure to FAO and thermal cycling in the LEO environment and which either leave the optical and thermal properties of the bulk material substantially unchanged or provide the ability to tailor the optical and thermal properties of the material.
SUMMARY OF THE INVENTION
To overcome the above disadvantages, the present inven tion provides a new surface modification process for pro viding a stable, erosion-resistant, oxide-enriched surface layer on polymeric materials, graphites and composites.
Surface-modified materials according to the present inven tion have erosion resistance to FAO substantially higher than that of polymeric and carbon-based composite materials presently used for space applications, and would be expected to have superior performance in long space mis sions. The process of the present invention also allows the production of surface-modified materials having improved resistance to thermal cycling and preferably having unchanged or tailored thermal and optical properties.
Therefore, surface-modified materials produced by the process of the present invention are potentially useful in space and in numerous terrestrial applications.
The surface modification process according to the present invention comprises the following two steps: 1. Ion implantation, wherein the surface of a polymer, graphite or composite substrate is bombarded with high doses of one or more energetic metal and/or semi-metal ions capable of forming non-volatile, stable oxides, the ions penetrating into the top surface layer and subsurface layer of the substrate; and 2. Oxidative full or partial conversion of the implanted layer to form a continuous, durable, protective, oxidation and erosion resistant surface layer enriched in oxides of the implanted ions, the oxidative conversion step preferably comprising exposure of the implanted polymer, graphite or composite surface to FAO, UV--air, UV--ozone or an oxygen plasma.
The above process provides surface-modified materials having a stable, continuous, graded, oxide-enriched surface layer, while leaving the bulk properties of the underlying material substantially unaffected. Materials modified according to the present invention are expected to be useful for extended periods of time in the LEO space environment without substantial mass loss and surface morphology Materials modified according to the presentinvention also show a reduced tendency to crack and spall under thermal cycling conditions compared to known materials having thin film protective oxide coatings. This improved resistance to thermal cycling is believed to be at least partially due to the graded nature of the modified surface layer, there being no sharpinterface between the modified layer and the substrate. More specifically, graded transitions are formed between the oxide-enriched surface layer and the underlying material and between the implanted layer and the substrate. Therefore, interfacial stresses are reduced during thermal cycling resulting in substantially reduced cracking and spalling.
Resistance to thermal cycling may preferably be further improved by tailoring the coefficient of thermal expansion of the modified layer to be as close as possible to that of the substrate by ion implantation of appropriate species.
Further, underneath the oxide-enriched layer, there is typically a layer containing a "tail" of implanted species which have not been oxidized by the oxidative conversion. The distribution of implanted species in this subsurface layer is also preferably graded. This provides the surface modified polymer with "self-healing" properties. If, for example, the oxide enriched layer is cracked or partially chipped away while the modified material is in the LEO space environment, FAO will cause a new oxide enriched layer to form on the exposed portion of the underlying material containing unoxidized implanted species. Further, even if surface cracks form, the self-healing properties will substan tially prevent deepening and widening of the cracks due to undercutting and thereby minimize damage to the underly ing material.
Unlike previously known ion implantation processes, the present invention provides materials having a continuous, oxide-enriched surface layer, providing a reduction in ero sion yield of at least two orders of magnitude over unmodi fied polymeric materials combined with increased resistance to thermal cycling, which has not been achieved by known processes.
The present invention provides further improvements over the prior art in that it is capable of simultaneously improving oxidation and erosion resistance of polymers and surface mechanical properties without changing their colour and transparency, that is without the darkening caused by known ion implantation processes. This aspect is especially useful, and is required, for solar array blankets in space, and for other optical space applications such as organic lenses, solar concentrators and retroreflectors. Optical properties are also critically important in many terrestrial applications utilizing transparent plastics such as organic glasses (PMMA, polycarbonate, acrylic) and transparent or decora tive polymer films, coatings and articles.
Although the process of the present invention is useful for producing erosion-resistant and thermal cycling-resistant polymers and composites for use in the space and aerospace industries, it is not limited thereto and may be used to modify and tailor the properties of a wide variety of com mercially available polymers and carbon-based composite materials for various uses. The method of the present invention may be used to alter properties such as oxidation and wear-resistance, Surface hardness, moisture resistance, coefficient of friction, hydrophobicity, lubricity, optical properties such as refractive index, colour, shade, degree of 5,683,757 7 transparency, Surface conductivity, and improved perfor mance in different weathering conditions such as UV+O.
Further, the process of the present invention can be conveniently performed with thin films and with moulded articles of various shapes, producing a hard oxide-enriched surface layer while leaving the bulk properties of the under lying polymer substantially unchanged.
Therefore, the process and the surface modified polymers and composites according to the present invention also have potential uses in numerous other industries, for example, automotive, electronic, biomedical, environmental and building products.
It is one object of the present invention to provide a surface modification process for producing polymers, graphites and carbon-based composites having substantially improved erosion resistance and resistance to thermal cycling in a LEO space environment.
It is another object of the present invention to provide surface modified polymers, graphites and carbon-based composite materials having improved erosion resistance and resistance to thermal cycling in EO space environment. It is yet another object of the present invention to provide a surface modification process for producing polymers, graphite and carbon-based composites having a graded Surface layer enriched with oxides of metal and/or semi metal elements.
It is yet another object of the present invention to provide surface modified polymeric materials, graphite and carbon based composites having a graded surface layer enriched with oxides of metal and/or semi-metal elements.
It is yet another object of the present invention to provide a surface modification process for producing polymers, graphites and carbon-based composites having substantially improved resistance to oxidative or photooxidative degra dation in UVfair or UV?ozone, and having tailored surface energy, mechanical, thermal and optical properties.
It is yet another object of the present invention to provide Surface-modified polymers, graphites and composites hav ing substantially improved resistance to oxidative or pho tooxidative degradation in UV--air or UV--ozone and having tailored surface energy, mechanical, thermal and optical properties.
In one aspect, the present invention provides a surface modification process for forming a continuous, graded, erosion-resistant, oxide-enriched surface layer on a solid substrate. The process of the present invention comprises two steps, a first ion implantation step and a second oxida tive conversion step.
Ion implantation of the solid substrate comprises bom bardment of the substrate with at least one ion species selected from the group comprising ions of metal and semi-metal elements capable of forming stable, non-volatile oxides, to form an upper implanted layer of the substrate containing at least one implanted element selected from the metal and semi-metal elements, a graded transition being formed between the implanted layer and underlying sub Strate.
The oxidative conversion takes place in at least an upper portion of the implanted layer and comprises etching by active oxygen of material from the implanted layer and oxidation by the active oxygen of the implanted elements in the implanted layer.
The surface-modified material produced by these two steps has higher erosion resistance to atomic oxygen than the unmodified substrate, and has a continuous surface layer containing a protective compound formed by combination of at least one of the implanted elements with oxygen, a graded transition being formed between the surface layer and the substrate, in cases where the entire implanted layer is oxidatively converted, or between the surface layer and the implanted layer, in cases where only an upper portion of the implanted layer is oxidatively converted.
In another aspect, the present invention provides a surface-modified material having improved resistance to atomic oxygen flux, comprising lower, middle and surface layers.
The lower layer comprises a solid substrate selected from the group comprising organic polymers, metallized polymer films, graphite and carbon fiber reinforced composite mate rials. The middle layer is modified and comprises substrate treated by implantation therein of at least one ion species selected fromions of metal and semi-metal elements capable of forming stable, non-volatile oxides. The surface layer is continuous and contains a protective compound comprising at least one of the metal and semi-metal elements combined with oxygen. The surface-modified material of the present invention has graded transitions existing between the surface layer and the middle layer and between the middle layer and the lower layer.
The solid substrate is selected from the group comprising polymers, metallized polymer films, graphite and carbon fiber reinforced composite materials, the polymers and poly mer films containing carbon and hydrogen. Preferably, the polymer substrate is selected from the group comprising polyolefins, polyacrylates, polycarbonates, polyesters, polyethers, polyurethanes, polyamides and polyimides.
More preferably, the polymer substrate is selected from the group comprising Kapton, Mylar and PEEK, the metallized polymer film is a Kapton film having a layer of aluminum on one side, and the carbon fiber reinforced composite material is selected from the group comprising carbon fibers in a matrix of epoxy resin, PEEK or resin-derived carbon.
Preferably, the metal elements are multivalent metal ele ments selected from the group comprising Al, Ti, Sc., Sn, Zr, Hf, Cr, Mo, V, Ce, Sm and Gd, and the semi-metal element is Si.
Preferably, the surface layer produced on the modified material has improved resistance to thermal cycling and has a coefficient of thermal expansion similar to that of the Substrate. A preferred aspect of the present invention, includes the additional implantation of anion species comprising ions of a non-metal element, such that the protective compound contains said non-metal element. More preferably, the ion species comprise ions of Si and B and the surface layer contains a protective compound having a composition of Si, B and O similar to that of borosilicate glass, or the ion species comprise ions of Si and P and the surface layer contains a protective compound having a composition of Si, P and Osimilar to that of phosphorosilicate glass.
An alternate preferred aspect of the present invention additionally comprises the implantation of an ion species comprising ions of a non-metal element, wherein a hardened, carbonized sub-layer containing the non-metal element is formed underneath the surface layer.
Preferably, the ion species are implanted with an energy of about 25 keV to about 50 keV and a fluence of about 5x10" ions/cm to about 1x107 ions/cm.
Preferably, the non-metalion species is implanted with an energy of about 10 keV to about 100 keV and a fluence of about 5x10" ions/cm to about 10" ions/cm.
Preferably, the active oxygen species is selected from the group comprising fast atomic oxygen, UV--air, UV-ozone and oxygen plasma. 5,683,757 9 Preferably, the erosion yield of the surface modified substrate, when exposed to fast atomic oxygen, is less than about 10 g/atom of atomic oxygen.
Preferably, the surface layer is transparent and the colour of the surface modified substrate is the same as that of the substrate prior to modification.
BRIEF DESCRIPTION OF THE DRAWINGS
Further aspects and advantages of the present invention will be apparent from the following description taken together with the accompanying drawings in which: As discussed above, the two-step process of the present invention produces polymeric materials having a quasi layered structure, with graded transitions being formed between adjacent layers. FIG. 1 Although FIG. 1 illustrates a lower portion 18 of implanted layer 12 remaining below oxide-enriched surface layer 16 after oxidative conversion, it is to be understood that the entire implanted layer 12 may be oxidatively con verted. In such a case, a graded transition is formed directly between the oxide-enriched surface layer 16 and the under lying unmodified bulk polymer 14.
The preferred surface modification process according to the present invention comprises two steps:
Firstly, single or multiple implantation with energetic ions, including ions of at least one metal or semi-metal element that can form stable, non-volatile oxides, with or without the additional implantation of a hardening non metal element; and Secondly, oxidative full or partial conversion of an upper portion of the implanted layer to a continuous, resistant oxide-enriched surface layer.
Preferred embodiments of these two steps are now dis cussed in detail.
1. Ion Implantation The first step of the surface modification process accord ing to the present invention comprises high-dose ion implian tation of a solid substrate with at least one ion species, the implanted ions coming to a stop in the substrate.
Preferably, the solid substrate used in the present inven tion comprises: a hydrocarbon polymeric material selected from the group comprising polyolefins, polyacrylates, polycarbonates, polyesters, polyethers, polyurethanes, polyamides and polyimides; carbon-based materials such as graphites; polymeric films metalized on one side; and composite materials containing carbon fibers in a polymeric plastic (resin) matrix (CFRP composites) or in a resin derived carbon matrix (also referred to as "carbon-carbon" composites).
Particularly preferred substrates are materials which are used in the space industry, preferably polymeric materials such as polypyromellitimide polyimide, known as Kapton, polyaryl ether ether ketone, known as PEEK, polyethylene terephthalate, known as Mylar, carbon-based materials such as graphite, and composite materials such as Kapton alumi nized on one side and carbon fibers bonded with epoxy It is to be understood that the selection of a preferred substrate is highly dependent on the intended use of the modified material. The process of the present invention would be expected to provide satisfactory results on most polymers, composites and other carbon-based materials.
At least one ion species used in the ion implantation is selected from the group comprising ions of metals and semi-metals capable of forming stable, non-volatile oxides. Preferably, the metal ions are selected from multivalent metals such as group III metals, group V metals, transition metals and rare earth metals. More preferred metal ions are ions of Al, Ti, Sc., Sn, Zr, Hf, Cr, Mo, V, Ce, Smand Gd. For increased resistance to thermal cycling of modified Kapton, the most preferred metalions are ions of those metals listed above which are able to form oxides having coefficients of thermal expansion closest to that of Kapton, such as Al, Ce, Gd and Sm.
The most preferred semi-metal for use in the process of the present invention is silicon.
In preferred embodiments of the present invention wherein one of the implanted elements is Si, the substrate may additionally be bombarded with ions of a non-metal "hardening" element. The most preferred non-metal ele ments are boron (B) and phosphorus (P). When ions of a hardening element are implanted at about the same depth as Siions, special "glass-like" compounds containing the semi metal element Si, the non-metal hardening element and oxygen may be formed at the conversion stage. Although, strictly speaking, these "glass-like' compounds are not oxides, surface layers containing these compounds are referred to herein as oxide-enriched surface layers.
Implantation of non-metal ions deeper than the metal and/or semi-metalions provides the implanted material with an extended, cross-linked and carbonized, hardened sub layer.
Preferably, one or more of the ions listed above are implanted into one of the preferred substrates listed above. In one aspect, it is preferred to implant two or more ion species at about the same depth to form transparent, colour less mixed oxides or glass-like compounds after oxidation. 3 for B, forms a transparent glass-like compound contianing Si, B and O similar in composition and performance to borosilicate glass. Similarly, double implantation of Si-P produces a transparent glass-like compound similar in com position of Si, P and O to phosphorosilicate glass. For double and triple implantation, sequential implanta tion at specially selected energies is preferred. However, it is to be appreciated that under certain conditions simulta neous implantation of two or more ion species may be preferred.
Alternately, different ions may be implanted in different layers of the substrate to provide the modified material with functionally graded properties or with a "second line of defence" in the form of an extended, cross-linked and carbonized, hardened sub-layer as discussed above. In this aspect, it is preferred to implant one or more ion species in an upper layer as discussed above, and to implant a non metalion species in a lower layer.The non-metalion species provides a sub-layer hardened primarily through carboniza tion and cross-linking, which provides a second line of defence in the event of failure of the upper oxide-enriched surface layer.
The implantation of specially selected metals, for example transition metals such as chromium (Cr), molyb denum (Mo) and vanadium (V) can be used to form coloured oxides after oxidation or to tailor other thermal and optical surface properties for special terrestrial applications.
The ions are preferably implanted in the substrate with a kinetic energy in the range from about 10 keV to about 200 keV, most preferably about 25 keV to about 50 keV for metal ions and from about 10 keV to 100 keV for non-metalions.
To have the same depth of protective layer after conversion, the comparatively heavier metal species should be implanted at comparatively higher energies.
The preferred amounts of metal and non-metal ions implanted into the substrate, as measured by the fluence, should be sufficient to form continuous oxide-based surface layers after oxidation. The oxide-based surface layer formed after oxidative conversion preferably has a composition approaching the stoichiometric composition of a stable oxide of the implanted species. Therefore, the upper limits of the preferred fluences can be estimated from the stoichi ometry of the desired oxides. More preferably, the fluence of metal and semi-metal ions is from about 5x10" to about 10' ions/cm; and the fluence of non-metal ions, whether for forming glass-like compounds or a hardened sub-layer, is preferably from about 10" to about 10" ions/cm'. The preferred fluence of non-metal ions required to form a hardened sub-layer is that required to provide a "saturated" carbonization effect in the sub-layer beneath the oxide enriched surface layer.
The preferred fluences and energies of the ions depend on the mass of the particularion being implanted, the particular substrate, and the desired depth of implantation, and can be estimated through computer simulations. The preferred flu ences depend also, at least partially, on the oxidative ability of the implanted metal elements, that is, the relative ease with which the implanted species are oxidized. For example, it was found that a fluence of 1.5x10" ions/cm was sufficient to prevent mass loss on Kapton by Sm and Gd implantation, but produced poor results for Al and Si, because Smand Gd are more readily oxidized than Al and Si. 5,683,757 13 After the initial implantation, it is typically observed that the amount of implanted ions retained in the implanted layer (the retained dose) is less than the fluence. Preferably, this is taken into account when calculating the preferred fluence.
The retained dose of implanted ions is typically in the range of about 60 to about 80% of the fluence, and more often about 70 to about 80% of the fuence.
Based on the computer simulations, the thickness of the metal implanted surface layer at the mentioned energies is at least from about 50 to about 200 nm, and for the non-metal implanted layer it is from about 200 to about 2,000 nm.
High flux densities are preferred so that ion implantation may be performed on areasonable time scale, the maximum density being limited by thermal degradation effects that can occur in polymers under high flux implantation. The pre ferred implantation flux density is about 2-20 Acm, depending on the materials and ions, with the time of implantation being preferably from about 10 to about 90 minutes.
One useful effect of theion bombardment according to the present invention is the ability to alter the surface energy, or the degree of hydrophobicity/hydrophilicity, of the ion implanted materials. Surface energy of the modified samples is measured by measuring the water contact angle of the material. A decrease in the surface energy of the treated surface has been observed in most samples implanted according to the presentinvention. Presumably, this is due to a reduction in the amount of oxygen and an increase in carbon content in the implanted layer, making the polymer surface more hydrophobic. This effect is most pronounced for high fluences and for heavy ions.
The implanted species generally exhibit a gaussian con centration distribution such as that shown in FIGS. 2 and 3.
The mean projectile range, which is the depth below the surface of the substrate at which the concentration of an ion species reaches a maximum, can be estimated by computer calculations. Analysis by X-ray photospectroscopy (XPS), which provides a quantitative analysis of elements presentin the top3-5 mm of the polymeric substrate and their chemical state, typically does not show the presence of the implanted species at the surface of the polymeric substrate after the ion implantation step. As discussed above, it is well known that ionimplantation results in surface carbonization and cross-linking of poly meric substrates, and the inventors have found that carbon ization also occurs in the implantation process of the present invention. The thickness of the carbonized layer is highly variable and may approach the thickness of the implanted layer. Higher degrees of carbonization are observed for heavier elements and higher fluences, with thicker carbon ized layers being observed at higher energies.
Oxidative Conversion
As discussed above, the concentration of implanted spe cies generally reaches a maximum at some distance below the surface of the implanted substrate. Therefore, it is clear that any oxidative treatment of the implanted substrate for oxidative conversion of the implanted species must involve simultaneous etching of the substrate in an upper portion of the implanted layer to expose the implanted elements, coupled with oxidation of the implanted species to forman oxide-enriched surface layer.
Preferably, the oxidative conversion is performed by exposure of the ion implanted substrate to an active oxygen source such as a beam of FAO, UV-air, UV--ozone or oxygen plasma, or any other source that can simultaneously etch the implanted and carbonized top surface layer of the substrate and oxidize the implanted species. It is preferred that the substrate be etched to a depth sufficient to allow the formation of a continuous, oxide enriched surface layer. Generally, this corresponds to the depth at which the concentration of one or more implanted species reaches a maximum, which at the regimes men tioned above is preferably greater than about 50 nm, depend ing on the ion mass and energy. After the oxide-enriched layer is formed, the rate of etching decreases and etching preferably stops.
The inventors have found that the objects of the invention may be fulfilled utilizing an oxidative conversion step which is either "full" or "partial". In some cases, such as very high-dose implantation or an additional high-energy implantation with a non-metal hard ening element, it is preferred to carry out the oxidative conversion so that a portion of the carbonized layer remains in or under the oxide-enriched layer after the oxidative conversion. This is referred to herein as "partial" oxidative conversion. In this case, some residual darkening of the carbonized layer remains. However, the existence of a carbonized subsurface layer can provide the extension of improved mechanical properties such as hardness and wear resistance below the oxide enriched surface layer. Also, carbonization would be expected to increase the surface hardness and wear resistance of the modified materials. This may be preferred in special applications where the modified material must have high erosion and oxidation resistance as well as high mechanical durability, for example in CFRP composites used in space or polymeric parts which are subject to wear in highly oxidative environments.
Preferably, the amount of oxygen incorporated in the oxidative conversion is sufficient to form a stable, uniform, continuous oxide-based surface layer, which preferably con tains implanted ion species and oxygen in approximately stoichiometric proportions. For example, when the implanted ion is silicon, the amount of oxygen used in the second step of the process is preferably sufficient to oxidize the silicon to silicon dioxide, SiO2. When the implanted species are Al, Sm or Gd, the amount of oxygenis preferably sufficient to form oxide-enriched layers based on AO, Sm2O3 and Gd2O3, respectively. Similarly, when silicon and either boron orphosphorus are implanted in the top surface layer, the amount of oxygen is preferably sufficient to form an oxygen-containing material similar in composition of Si, B and O to borosilicate glass or similarin composition of Si, B and O to phosphorosilicate glass, respectively.
on implantation with ions of A and Si-Al is preferred to provide polymers for space and many terrestrial applications, due to the transparency, hardness and wear resistance of Al2O.
The rare-earth metals, Sm and Gd, are particularly pre ferred for use in surface modification of space-related poly mers and composites because their oxides are easily formed and because the transparent oxides SmC) and GdO have thermal expansion coefficients close to those of organic polymers used in space, such as Kapton. For example, Kapton has a coefficient of thermal expansion of about 5,683,757 15 20x10/°C., whereas Gd-O and SmO have coefficients of thermal expansion of about 10x107°C. These oxides provide a better match for Kapton than SiO2 and Al2O, which have coefficients of thermal expansion of about 4x10/°C. and 6x10/°C., respectively. Therefore, it would be expected that polymers modified with Sm and Gd oxide-enriched surface layers would be highly resistant to thermal cycling damage, since the degree of expansion and contraction of the oxide-based layer in response to tempera ture fluctuations would be close to that experienced by the bulk polymer. On the other hand, for graphite and carbon fiber carbon composites, Si implantation is preferred because of the similarity in the coefficients of thermal expansion of graphite and silicon dioxide.
It is to be understood that the oxide-enriched surface layer produced according to the present invention has a compo sition which varies with depth. Although the oxide-enriched surface layer has been found to contain stoichiometric proportions of implanted elements and oxygen at its upper surface, the proportions may not be stoichiometric through out the depth of the layer. Therefore, the above discussion of the suitability of certain elements based on thermal expan sion coefficients provides only a guide as to the actual thermal expansion coefficient of any oxide-enriched surface layer.
The thickness of the oxide-enriched layer is variable and is at least partially dependent on the implanted species and the implantation and conversion conditions. However, it is preferred (as confirmed by SIMS analysis) that the thickness of the oxide-enriched surface layer be about 50 to about 200 nm with the content and stoichiometry of oxides being higher at the top surface of the substrate and gradually decreasing toward the bottom of the oxide-enriched surface layer.
Depending on the implantation and oxidation regimes, this oxide-enriched surface layer may preferably comprise only an upper portion of the implanted layer. Preferably, there is a sufficient concentration of implanted species in the underlying, non-oxidized, implanted layer so that if the oxide-enriched surface layer becomes damaged, an oxide enriched layer may once again beformed by oxidation of the implanted species in this underlying implanted layer, giving the modifiedmaterial "self-healing" properties. As discussed above, there may preferably be some carbonized subsurface layer in or under the oxide-enriched layer.
During the oxidative conversion, only ions in the upper most implanted layerforman oxide-enriched layer while the lower implanted layer may remain unoxidized but highly carbonized. The carbonized sub-layer has increased electri cal conductivity, hardness, wear-resistance and, to some extent, erosion-resistance. If the oxide-enriched layer is damaged then the lower carbonized layer provides a "second line of defence". Therefore, the process of the present invention provides materials having a novel graded 3-phase protective system: oxide-based electrically resistant top layer-carbonized sub-layer with increased conductivity+ underlying pristine material. The carbonized sub-layer typi cally also contains unoxidized implanted elements which provide the material with "self-healing" properties, as dis cussed above.
After the full or partial oxidative conversion, the water contact angle may decrease significantly compared to the pristine material and the material after implantation, depend ing mostly on the degree of conversion. Therefore, through ion implantation and oxidative conversion, it is possible to alter the hydrophobicity or hydrophilicity of the polymer surface, thus affecting properties such as wettability, paintability, printability and adhesion. Kapton 500 HN-(PMDA-ODA) polyimide sheets with a thickness of 125 m (5 mil) were obtained from DuPont.
Aluminized Kapton (Al-Kapton)-Polyimide (PMDA ODA) sheets with a thickness of 76.2 m (3 mil) aluminized (0.1 m) on one side, was purchased from DuPont.
PEEK poly(ether ether ketone)), with a thickness of 250 um (10 mil), was obtained from ICI.
Mylar poly(ethylene terephthalate) sheets with a thick ness of 25 um (1.0 mil) were obtained from DuPont.
AS4/APC-2, 4-ply carbon fiber/PEEK matrix composite sheets were manufactured from prepregmaterial supplied by In the examples discussed below, the above polymer, graphite and composite samples were ion implanted and exposed for full or partial conversion according to the present invention, followed by testing in an atomic oxygen beam facility or in UV/air. This testing was done in order to determine the overall resistance of surface modified mate rials to highly oxidizing environments, such as FAO fluxes. Additional tests were performed to assess flexibility and resistance to thermal cycling of some modified polymer films and to demonstrate the alteration of surface energy. A number of analytical techniques, such as SEM, SIMS and RBS were used to characterize the samples and to confirm the results of the processes.
The samples which were exposed to FAO comprised 1.2 cm diameter discs. Each sample was held about its edges in a holder such that a 1.0 cm diameter area was exposed and the outer edge of the disc was masked by the holder. Each test sample was exposed to FAO at an average flux of about (0.5-1)x10" atoms/cm's for a period of up to 5 hours, to provide a fluence of about (1-2)x10' atoms/cm, which is typical of fluences encountered in many space missions. FAO fluences were calculated based on the erosion yields of control (witness) Kapton samples.
The mass of each test sample was measured following exposure and the mass loss due to atomic oxygen erosion was computed using control Kapton samples to account for absorbed moisture. For some samples, intermediate obser Vations and weighing were also conducted. For some samples, the total mass loss was compared with the value for untreated samples for the same time of exposure, and for others the kinetic plots of mass loss were measured. Some mass loss of surface-modified samples is expected due to etching of organic material from the implanted layer in the oxidative conversion process. This mass loss may partially be compensated by oxygen uptake due to oxidation of the implanted species. The surface morphology of the majority of the samples before and after testing was evaluated by Scanning Electron Microscopy (SEM) at different magnifi cations.
As discussed above, most of the ion implanted samples were exposed to FAO for a total period of 5 hours. This 5 hour test period comprised both the oxidative conversion step wherein the oxide-enriched surface layer is formed and the subsequent FAO testing step wherein mass loss of the modified samples is assessed.
Example 1 Kapton and PEEK were implanted with A1 or Si at E=(25-40) keV with a dose of 1.5x10'-5x10" ions/cm 5,683,757 17 (Table I, runs I, II, V, VIII). All samples were exposed to FAO for five hours for oxidative conversion and subsequent testing in the range offluences (1-2)x10' atoms/cm (Table   II) typical for many space missions.
After ion implantation, all samples became darker, with the darkening being more noticeable at higher energies and fluences. At a fluence of 5x10" ions/cm the samples had a grey lustrous (graphite-like) colour due to the surface car bonization caused by implantation. XPS (Table III) and Rutherford Backscattering Spectroscopy (RBS) analyses confirmed that carbonization had occurred in the implanted samples, with a reduction in oxygen content and an increase in carbon content. As evaluated by RBS, the retained dose for all samples was in the range of about 60 to 77% of the nominal dose, or fluence (Table I) . Table II shows the mass loss of Kapton samples after exposure to FAO for 5 hours, in comparison with the results for control samples of pristine material. For Si and Al implantation with a fluence of 1.5x10" ions/cm, mass loss decreased an average of 2-3 times (see sample K, for example). Visual observations show surface morphology changes, and SEM confirmed the formation of the well known "carpet-like" structure of the surface, indicating insufficient protection in this case.
Al and Si were also implanted with a fluence of 5x10' ions/cm (samples K. and K, respectively). It was shown by intermediate weighing that the major mass loss occurs during the first 0.5-1 hours, and that the samples mostly returned to their original colour and transparency. This indicates full conversion of the implanted layer to a transparent, colourless oxide-enriched layer, stable and highly protective to FAO. After 5 hours of FAO exposure, the full mass loss over the entire test period was approxi mately 5 times lower than for the control pristine material. were identified as inorganic calcium phosphate Ca(PO) contamination in the original sample. XPS data (Table III) SIMS also shows penetration of oxygen to about 0.2 pm below the surface during the conversion process. The pres ence of unoxidized implanted species below the oxide enriched surface layer is highly important because it would be expected to permit self-healing in the event of surface damage to the modified surface in an oxidative environment.
Example 2 Kapton, Al-Kapton, Mylar, PEEK and carbon fiber/PEEK composites were implanted with Al, E=25 keV or Si, E=35 keV at a fluence of 7x10" ions/cm' (Runs IX and X, Table   I ). On implantation with 7x10" ions/cm (close to the dose recommended by computer simulation and analytical calculations, based on the assumption of stoichiometric oxides formed after full conversion), the total mass loss over the entire period of FAO exposure was even lower than for the samples prepared in Example 1 (see, for example, Table  II , Sample Ko). After 5 hours of FAO exposure, SEMshows the existence of a smooth, continuous stable layer for all the above mentioned materials. For example , FIG. 6 is an SEM micrograph of sample Ko, showing a primarily smooth surface with minor defects likely caused by contaminants in the original material. For both Al and Si high-dose implantations, SIMS analysis again showed a deep, approxi mately 1 pm "tail" of implanted elements, forming a good basis for "self-healing" of this layer in the event of surface damage an oxidative environment.
After oxidative conversion, the polymer samples appeared lighter in colour than after implantation. However, the original colour and degree of transparency were not fully restored. The carbon fiber/PEEK composite, which was black before treatment, obtained a grey shade after implan tation which became lighter in colour after FAO exposure. However, the sample did not return fully to its original colour. This observation, together with SIMS and XPS data, shows not full conversion but partial conversion, with the existence of partial carbonization in the implanted layer.
Example 3 Graphite (HPG-99) was implanted with Si, E=35 keV at a fluence of 7x10" ions/cm and subjected to oxidative conversion with FAO, and then tested under FAO for 4.5 hours (Sample Gr, Run X, Table I ). A comparison of the mass-loss of a Kapton (witness) sample, an unimplanted graphite control sample, and implanted graphite specimen Gr' is shown in FIG. 8 .
Erosion of the pristine graphite sample was observed throughout the test period with an average erosion yield R. of 1.23x10'g/atom, the FAO exposed area appearing dark black after testing. The development of a "carpet-like" surface morphology on the pristine graphite sample under FAO exposure was confirmed by SEM.
On the other hand, the implanted graphite sample Gr, showed self-stabilization after -2.5 hours of exposure to FAO, without measurable mass-loss during an additional 2 hours of testing (FIG. 8) . The area of sample Gr' exposed to FAO was a light shade of blue, and was clear and shiny without any visible erosion features.
Example 4 Kapton and PEEK were implanted with rare-earth elements, Sm and Gd, at Es (25-50) keV and fluences of (1.3, 1.5, 5, 7, 10)x10' ions/cm (Table I, Runs III, IV, XI-XIII). Surface carbonization (darkening) was observed to a higher degree, but with the same trends, as in Example 1, and was both visually evaluated and confirmed by XPS.
Implantation of either Sm or Gd at 1.5x10" ions/cm showed higher protective abilities than with the same dose of Al or Si. The observed mass loss of Smand Gd implanted samples was close to zero for 2-hour exposure to FAO (Table IV , Samples P, and P).
After 5-hour exposure to FAO, mass loss was immeasur able by weighing for Smimplanted PEEK (Sample and Sm implanted Kapton (Sample K). SEM studies, however, showed some cracking of the thin, smooth, protective top surface layer of these samples after the 5-hour FAO exposure, and the existence of tiny, cone-like morphological features, with highly reduced dimensions, developed on the surfaces of treated material in the cracked areas. This means that the above mentioned implantation conditions are appro priate for a sufficient decrease in mass loss, but do not fully prevent the surface morphology changes.
Kapton samples implanted by Gd at E=50 keV and with fluences of (5,7,10)x10" ions/cm (Table I, Samples KT, KT, KT) are expected to show very good results, either with full oxidative conversion (fluence of 5x10" ions/cm) or partial oxidative conversion (fluence of (7, 10)x10" atoms/cm) under FAO testing. Because of the better match in thermal expansion coefficient for the polymers and the rare-earth metal oxides, good stability to thermal cycling is expected as well. Example 5 Kapton was implanted with Si with E=25 keV and at a fluence of 1.5x10" ions/cm, followed by B implantation with E=1.0 keV and a fluence of 5x10" ions/cm (Run VI, Table I ). After 5 hours of FAO testing, the mass loss was reduced by about two times relative to untreated Kapton, however, cone-like surface morphology formation was con firmed by SEM, indicating insufficient protection.
Based on computer simulations of dual low-energy implantation (FIG. 2) , Kapton implanted with Si, E=25 keV at a fluence of 5x10" ions/cm, followed by B implantation at E=1.0 keV and a fluence of 1.7x10" ions/cm, would be expected to approximate the Si, B and O composition of borosilicate glass after oxidative conversion (Table I , Sample Ks). The amount of implanted Sihas been confirmed with RBS, and the distribution of both Si and B after implantation and oxidative conversion, followed by FAO testing, was evaluated by SIMS.
After 5 hours of FAO exposure for oxidative conversion and testing, the samples exhibited a shiny, glass-like, trans parent surface very different from that of control Kapton exposed to FAO, and very similar to original Kapton (FIG.  7) . The mass change and mass loss data graphs (FIGS. 9 and 10), obtained by weighing sample Ks at equal intervals during the AO experiment, shows the kinetics of the process. Initially, the mass loss of sample K. was close to that of pristine Kapton. However, mass loss of Ks dropped to zero after not more than two hours, i.e. after conversion of the implanted layer to a stable, protective surface, whereas mass loss of the control sample continued at an approximately constant rate.
XPS analysis (Table III) and SIMS data confirmed the formation of an oxide-based, glass-like layer, and SEM results showed a clear, smooth surface, well protected and highly erosion resistant.
FIG. 11 graphically illustrates the SIMS data for sample
Ks produced by sputtering the sample with a beam of O'.
The SIMS data shows the presence of B and Si "tails" to a depth of 2 about 1.5 pum. Further, the molar ratio of Si:B remains relatively constant at about 3:1 throughout the depths at which these ions appear, although Si is redistrib Stabilization of the surface layer by conversion and subsequent testing of UV/oxidation resistance was also performed for samples implanted as in Example 6 and in this example. The samples were exposed to UV radiation in the 254 and 185 nm range (predominantly 254 nm), in the presence of air. The films were placed approximately 5 mm.
from the UV source with the UV dose being up to 270J/cm (about 15 hours). It was found by EDS that oxygen uptake was strongest for Kapton, followed by Mylar and PEEK.
The oxidation, turbidity and surface deterioration was visually evaluated on all pristine control polymer samples. The implanted samples were shiny and glassy, and, when implanted as in Example 6, showed complete restoration of initial colour and degree of transparency for Kapton, and (Table VI) shows appear ance of oxidized Si,Al, or both, at the surface, and reduction of carbon content, confirming partial surface conversion to a different degree.
The water contact angle measurements indicate a strong decrease in the angle value under UV/air exposure. For example, water contact angles decreased from 82-85 for implanted materials to 43-45 after UVfair exposure on Si implanted materials, and to 54 on Si-B implanted materials (Table VII) . This shows a strong increase in hydrophilicity due to oxide-based surface layer formation.
As an alternative to FAO, an appropriate oxygen plasma treatment may be used for oxidative conversion in all Examples mentioned above, with the advantage of decreas ing the time required for the conversion stage. In the above examples, it is to be understood that the rate of mass loss of materials modified according to the present invention does not remain constant throughout the FAO exposure period. Rather, most or all of the mass loss occurs during the initial oxidative conversion phase when the implanted layer is etched to expose the implanted ion species for oxidation. Once an oxide-enriched surface layer forms, mass loss is significantly reduced and preferably ceases altogether during the remaining time of the test period.
The erosion yields of the modified materials during the time period after formation of the oxide-enriched surface layer, that is after oxidative conversion, are on the order of at least two orders of magnitude smaller than the erosion yields of pristine materials. Preferably, the modified mate rials have an erosion yield of less than about 10 g/atom of atomic oxygen. This roughly translates to an etch rate ratio of greater than 100, meaning that erosion resistance of materials modified according to the present invention is preferably at least 100 times greater than that of unmodified materials.
It is to be understood that the above estimates of erosion yield are based on the lower limits of mass loss measure ments obtained by weighing. The actual values of erosion yield of materials modified according to the present inven tion may in fact be lower than 10 g/atom of atomic OXygen.
Throughout the disclosure, it is taught that materials treated according to the present invention may experience a mass loss of zero when exposed to FAO flux. It is to be understood that this means mass loss was immeasurable, as determined by mass measurements. SEM was performed on the samples to confirm that FAO exposure had not caused the formation of morphological surface features, which signifies that the samples have been fully protected.
Although the invention has been described in connection with certain preferred embodiments, it is not intended that it be limited thereto. Rather, it is intended that the invention cover all alternate embodiments as may be within the scope of the following claims.
